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1.1 A broad context
Our study of how the Universe was born and how matter coalesced on different spatial
scales to form structures such as stars, galaxies, and clusters of galaxies is currently expe-
riencing a revolution. On one front, ever improving measurements of the relic radiation
from the infant Universe— the Cosmic Microwave Background (CMB) have provided a
wealth of evidence in support of Big Bang Cosmology and shed light on the formation
of the Universe and its dominant constituents: ordinary (baryonic) matter, dark matter,
and dark energy (Hinshaw et al. 2013; Planck Collaboration et al. 2015). Density fluc-
tuations inferred from CMB maps, when evolved in the presence of gravity and cosmic
expansion are thought to have led to the wealth of spatial structure seen in the Universe
(Springel et al. 2005a). On a second front, detailed study of the nature and spatial
distribution of relatively nearby structures such as galaxies and clusters of galaxies has
given us an improved understanding of the astrophysics of galaxies and structure of mat-
ter density fluctuations in the local Universe (Cole et al. 2005). Combining these two
approaches to synthesise a coherent picture of structure formation over cosmic time is a
long standing desire of cosmologists and astrophysicists alike.
Corroborating cosmological evidence in CMB maps to that in observations of the local
Universe is not new to astronomy. An excellent example of this is the Baryon Acoustic
Oscillation scale — a preferred spatial scale for matter density fluctuations in the Uni-
verse. Measurement of the BAO scale in the CMB data is in remarkable agreement with
that seen in spectroscopic surveys of the local Universe (Eisenstein et al. 2005). Another
example is the measurement of the Hubble parameter, or expansion rate of the Universe.
Expansion induced apparent recession velocities of local galaxies are also in agreement
with the Hubble parameter determined from CMB maps (Freedman et al. 2001). An
important question arises naturally. Can we use the initial conditions provided by CMB
maps, and evolve them in computer simulations using the physical laws that we under-
stand, to create galaxies and the like that are in a statistical sense similar to what we
see in the local Universe?
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Despite considerable strides made through complex computer simulations that incor-
porate both dark matter, cosmic expansion from dark energy, and complex baryonic (or
gas) and radiation physics (Springel et al. 2005b), the answer is not a resounding “yes”
as one might have hoped. On the theoretical side, our understanding of the nature of
the major constituents of the Universe— dark matter and dark energy are rudimentary
at best. But more importantly, we currently lack observational constraints on the first 1
billion years of structure formation in the Universe. This may lead simulations to incor-
porate incorrect approximations on the detailed physical processes in this era especially
at a sub-grid1 level. The CMB is but a snapshot in time when the Universe was about
380 thousand years old. Observations of luminous stars and galaxies have been limited
mostly to our local2 neighbourhood (Willmer et al. 2006; Ahn et al. 2014). The advent
of near infrared instruments3 have pushed observations out to redshifts of z ≈ 6 when
the Universe was about one billion years old (Bowler et al. 2014). Sparse, and in some
regimes, no observations exist in the intervening period when the first stars and galax-
ies are thought to have formed. This observational gap is especially limiting since our
models of star and galaxy formation, and black-hole growth are based on observations
of relatively nearby objects whose properties are expected to be different from the first
luminous objects which formed from pristine primordial material— almost entirely com-
posed of hydrogen and helium and hence lacking the heavier elements that play a critical
role in the formation and evolution of subsequent generation of stars. All this currently
leaves us with an abundance of models of structure formation histories that can fit both
the CMB data and observations of the local Universe. Each model results in a different
view of structure formation in the first one billion years. Obtaining observations of the
epoch when the first stars and galaxies formed is thus an important field of study in
today’s astrophysical and cosmological landscape.
1.2 Current state of affairs
Despite a lack of direct observations of the first luminous sources, the following narra-
tive of structure formation in the first one billion years of the Universe’s history has been
constructed from indirect observations in conjunction with theoretical considerations (see
also Fig. 1.1). At the epoch of recombination when the CMB was emitted (z ≈ 1100,
t = 380000 yr) protons and electrons in the Universe recombined to form neutral hy-
drogen. What followed is referred to as the cosmic Dark Ages (DA: 1100 & z & 30,
0.38 Myr . t . 100 Myr) since the Universe was mostly neutral hydrogen (and helium)
gas devoid of any luminous sources. Meanwhile, overdense regions in the Universe started
to gravitationally collapse to form dense dark matter ‘halos’. At around z ∼ 30, neutral
gas falling into dark matter halo potential wells is thought to have formed the first gener-
ation of stars and accreting black holes embedded in protogalaxies. This epoch is referred
to as the Cosmic Dawn (CD: 30 & z & 15, 100 Myr . t . 300 Myr). Lyman continuum4
1 Simulations often employ ‘prescriptions’ to model physics on scales that are unresolved given the
available compute power.
2 ‘Local’ here represents the volume probed by current large redshift surveys z . 1.
3 Optical starlight from high redshifted galaxies is redshifted into the near infrared part of the spec-
trum.
4 An ionising photon with energy larger than the binding energy of a hydrogen atom (13.6 eV), usually
in the ultraviolet part of the spectrum.
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(ultraviolet) and X-ray radiation from the first stars and accreting black-holes is though
to have ionised the neutral Intergalactic Medium (IGM) in the Epoch of Reionization
(EoR: 15 & z & 6, 300 Myr . t . 1 Gyr).
While this has given us a fiducial model to start with, many important questions
remain unanswered:
1. When precisely was the onset and end of cosmic reionization?
2. When did the first stars (Population-III) in the Universe form, and what was their
mass and luminosity distribution?
3. How did the first ‘seed’ black-holes form in the Universe, and what was their mass?
4. How did the initial ‘seed’ black-holes accrete mass in such a short period of time
to become super massive black-holes we observe as quasars at redshift z ∼ 6?
5. What were the sources responsible for reionizing and heating the IGM to its present
state?
6. What was the mass and luminosity distribution of star forming Galaxies in the CD
and EoR epochs? What were the (feedback) effects of the ambient UV and X-ray
flux on low mass galaxies in these epochs?
7. Was IGM heating in the early Universe also driven by mechanisms like dark matter
decay and primordial magnetic fields?
Direct observations of both the first sources that caused cosmic reionization, and their
impact on the thermal and ionisation history of the IGM is expected to answer these
questions.
1.2.1 Available constraints
The best observational constraints to date in support of the above history come from
the optical depth measurements to CMB photons and absorption spectra of high redshift
quasars. CMB photons are expected to scatter off the electrons in an ionised IGM via
Thomson scattering. Thomson scattering of the quadrupole5 component of the (unpo-
larized) CMB field is expected to induce polarisation in the observed CMB maps. The
Thomson scattering optical depth inferred from CMB polarisation data places a con-
straint on the column density of electrons from the observer at z = 0 to the surface
of last scattering at z ≈ 1100. Since this is an integral constraint, we cannot uniquely
determine the reionization history of the Universe with this data6. But if one assumes
an instantaneous ionisation from the first stars, CMB optical depth data supports reion-
ization of the Universe by redshift of z ∼ 10 (Dunkley et al. 2009, and Fig. 1.2).7
5 Quadrupole refers to spherical harmonic modes that have amplitude peaks separated by 90 degrees.
6 For instance, though improbable, due to the (1 + z)3 evolution of matter density, the measured
optical depth can also be explained by a small residual ionised fraction soon after recombination.
7 Recently, the Plank Collaboration reported a slightly lower optical depth of τ = 0.066±0.016 which
gives an instantaneous reionization redshift of z = 8.8 (Planck Collaboration et al. 2015) which is
at the centre of the LOFAR-EoR spectral window.
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Figure 1.2: Left: Probability density function for the redshift of reionization from WMAP
5-year data assuming instantaneous reionization. Right: Similar but for a 2-step reionization
scenario with ionisation fraction on the vertical axis and redshift of the first reionization step on
horizontal axis. The second step is assumed to be at redshift 7 when reionization is complete.
Figure reproduced from Dunkley et al. (2009).
Using absorption spectroscopy of high redshift quasars to search for neutral hydrogen
(or lack thereof) is popularly called the Gunn-Peterson test (Gunn & Peterson 1965).
The basic idea behind this technique is as follows. Radiation emitted by a background
object blueward of the Lyα transition8 eventually redshifts into the Lyα transition at
some intermediate redshift. Neutral hydrogen at this intermediate redshift will absorb
such photons. As the IGM becomes more neutral at higher redshifts (earlier cosmic
times) it absorbs a higher fraction of the Lyα photons. If a ‘trough’ develops in the ob-
served spectra of high redshift (but not lower redshift) quasars bluewards of the Lyα line,
then we have essentially found evidence of cosmic reionization. Such absorption troughs
were first seen by Becker et al. (2001, and Fig. 1.3)9. After this breakthrough, numerous
quasar spectra have been observed to infer the IGM neutral fraction as a function of
redshift (Fan et al. 2006). These measurements (see Fig. 1.4) indicate a steep increase in
the neutral fraction above a redshift of z ∼ 6, indicating that the Epoch of Reionization
was somewhere around z ∼ 6 and beyond.
Despite its great success, Fig. 1.3 and Fig. 1.4 also point to the problems in using
the Gunn-Peterson test at higher redshifts. The Lyα line has a high oscillator strength,
and even a small optical depth is sufficient to absorb almost all Ly-continuum photons.
For instance, fitting of Lyα line profiles is difficult beyond a neutral hydrogen column
density of about 1014 cm−2. For a 1% neutral fraction, at the average IGM density at
redshift z = 9 of 10−4 cm−3 the critical column density is built up in well under 1 kpc.
Hence quasar absorption spectroscopy can only place meagre lower limits on the IGM
neutral fraction as seen in Fig. 1.4. Furthermore, such absorption-line saturation also
makes measurements of the IGM temperature (using line profiles) unfeasible.
Measuring the absorption line-widths in the spectra of quasars can however yield IGM
8 The transition between n = 2 and n = 1 orbitals of hydrogen (n =principal quantum number)
9 That the Becker et al. (2001) observations came 36 years after predictions by Gunn & Peterson
(1965) attests to the magnitude of challenges in observing the Universe at high redshifts.
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temperature measurements at much lower redshifts. Reionization is expected to photo-
heat the IGM to ∼ 105 K. Due to its low density, the IGM essentially cools due to Hubble
expansion, and hence IGM temperature measurements at lower redshift can be used to
indirectly infer the redshift at which reionization (and the associated photo-heating)
commenced. Measurements of IGM temperatures at a redshift of z ∼ 3.5 have been
used to infer a reionization redshift of z . 9 which is also in agreement with CMB and
Gunn-Peterson constraints, although such extrapolation of IGM temperature to higher
redshifts is very difficult due to confusing effects of other processes that have influenced
the IGM over cosmic time such as Helium reionization.
1.2.2 NIR prospects
Despite the above limitations in inferring IGM thermal and ionisation history at high
redshifts, near infrared observations are very useful in hunting for the sources responsi-
ble for reionization (Bouwens et al. 2011; Ellis et al. 2013). Current and upcoming high
redshift surveys with the HST and planned JWST will exploit the spectral break in the
Lyman continuum (the Gunn-Peterson trough) to find high redshift quasars and galax-
ies as ‘drop-out’ candidates in carefully chosen spectral bands. Similarly, observing the
spectral break in the afterglow of Gamma Ray Bursts (GRB) can establish the redshift
of the GRB (Tanvir et al. 2009). Since the preponderance of GRBs essentially traces the
rate of massive star formation, detecting sufficient number of high redshift GRBs may
also provide important constraints on star formation well into the reionization era.
While NIR surveys will provide a wealth of information about the nature of sources
that caused reionization, they will invariably be biased towards lower redshifts within
the reionization window and towards the bright end of the luminosity distribution. Ad-
ditionally, inferring the effects of these sources on the IGM is fraught with uncertainties.
Firstly, the stellar population model for the first galaxies will have to be constructed
from radiation redward of the Lyα transition that mostly probes lower mass stars that
contribute very little to the ionising photon budget in the first place. The number dis-
tribution of high mass stars responsible for reionization will then have to be inferred
from an assumed stellar mass function (IMF) that is poorly known at high redshifts.
More importantly, the escape fraction of Lyman continuum photons in the early galaxies
is highly uncertain. This coupled with a lack of knowledge about the IGM recombina-
tion rates in the clumpy gas, makes a study of the early Universe with near infrared
spectroscopy alone extremely difficult, and a comprehensive picture of this unexplored
epoch can really only emerge if we have an independent and direct probe of the IGM
thermal and ionisation history— an ideal candidate for which is the 21-cm line of neutral
hydrogen.
1.3 The 21-cm hyperfine transition
A neutral hydrogen atom in its ground state consists of a proton and an electron in the
1s orbit. The proton and electron spin can either be aligned parallel or anti-parallel
to one another— 2 configurations that have a small energy difference of about 6 µeV
(see Fig. 1.5). A hyperfine transition (spin-flip) between these two spin-states can be
mediated by the absorption/emission of a photon with a wavelength of about 21-cm.
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Figure 1.3: Optical spectra of 3 high redshift quasars with wavelength denoted in the quasar
rest frame. The near complete absorption of quasar emission blueward of the Lyα line points
to the increasingly neutral IGM at high redshifts (z & 5). Figure reproduced from Becker et al.
(2001)
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Figure 1.4: Evolution of IGM neutral fraction inferred from quasar absorption spectroscopy.
Figure reproduced from Fan et al. (2006).
This 21-cm line is an ideal tracer of the IGM thermal and ionisation state in the early
Universe, since unlike the Lyman series transitions, the 21-cm is a forbidden transition
with a tiny oscillator strength10. Hence most 21-cm photons from higher redshifts arrive
at us almost unimpeded by intervening neutral gas (unlike Lyα photons). This makes 3
dimensional (multi-redshift) tomographic mapping of the Universe possible at high red-
shifts by observing the 21-cm signal from different redshifts that arrive to us at different
apparent frequencies. This has resulted in the construction of large radio telescopes that
are attempting to detect the faint 21-cm emission from the unexplored Cosmic Dawn
and Epoch of Reionization.
1.3.1 The expected signal
Current efforts to detect the 21-cm signal from the CD and EoR may be broadly classi-
fied as (i) global signal experiments, and (ii) power spectrum experiments. Global signal
refers to the sky averaged 21-cm signal or the monopole component for readers conver-
sant with spherical harmonic decomposition. This is akin to the uniform 2.7 K emission
seen in the CMB. However unlike the CMB which follows a black-body spectrum, the
21-cm is a spectral line. Thus measuring the global 21-cm signal as a function of fre-
quency enables one to probe the bulk ionisation and thermal properties of the IGM as
a function of cosmic redshift. On the other hand, power spectrum describes the angular
fluctuations that reside on top of the mean global values at each redshift. The power
10 The associated life-time for spontaneous emission is about 11 million years, while for the Lyα
transition, the life-time is about 1 nanosecond!
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Figure 1.5: Cartoon depiction the 21-cm hyperfine transition in a neutral hydrogen atom
in the ground state. The transition between parallel and anti-parallel spin is mediated by
emission/absorption of a photon with wavelength of about 21-cm.
spectrum statistic is a probe of the spatial topology of the 21-cm signal. It should be
noted that the distinction between these two types of measurements largely exists owing
to observational techniques employed in their measurement and do no reflect a classifi-
cation based on physical properties.
Figure 1.6 shows the results of a simulation by Pritchard & Loeb (2010a) of what the
21-cm signal might look like. The top panel shows the spatial fluctuations of the differ-
ential brightness temperature (offset from the mean CMB temperature11) of the 21-cm
signal as a function of cosmic time. At earlier epochs (z & 30), the spatial fluctuations
are dominated by fluctuations in the underlying matter density. As the first sources start
to ionise the IGM in their local neighbourhood, they ‘carve’ bubbles (called Strömgren
spheres) around them. Since ionised hydrogen is mostly transparent to 21-cm photons,
the spatial fluctuations begin to be driven by ionisation topology. Finally around z ∼ 6
the bulk of the IGM is ionised and the 21-cm signal disappears.
The bottom panel shows the predicted sky-averaged (global) signal as a function of
frequency or equivalently redshift and serves to illustrate the physics of the IGM from
the recombination (z ≈ 1100) to the reionization (z ∼ 6) era. The spin temperature12
typically is coupled to one of two driving factors: baryonic collisions that force it to follow
the kinetic gas temperature, and interaction with CMB photons that force it to follow the
mean CMB temperature. At very high redshifts of z & 200, Compton scattering of CMB
photons, even from the small residual electron population, forces the gas to cool no faster
11 CMB provides a ‘back-lighting’ for the Universe in front of it, and hence one can only measure
brightness temperature deviations from the mean CMB temperature
12 Spin temperature is the excitation temperature associated with the 21-cm hyperfine transition, and
determines the populations in the singlet and triplet states via the Boltzmann’s equation.
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Figure 1.6: Results from simulations by Pritchard & Loeb (2010a) of the expected 21-cm
brightness temperature spatial fluctuations (top panel) and the sky averaged differential bright-
ness (bottom panel). Fluctuations are typically observed using radio interferometers, and the
sky-averaged signal (also called the global signal) is typically observed with single element ra-
diometers.
than the CMB, and the spin temperature is coupled to the CMB temperature: there is
no detectable 21-cm signal. At around z ∼ 200, Compton heating becomes inefficient
and the gas begins to cools adiabatically. The Universe at this stage is dense enough for
collisions to dominate and the spin temperature follows the gas temperature (that is now
lower than the CMB temperature) and evolves as (1 + z)2. At around z ∼ 70 the bary-
onic density, which is evolving according to (1+z)3, falls below the critical density below
which collisions become sub-dominant and the spin temperature again increases to reach
equilibrium with the CMB temperature. The above decrease and subsequent increase in
the spin temperature with respect to the CMB temperature, creates an absorption like
feature at a redshift of around z ∼ 70, and is the primary observable signature in the
Dark ages. In the absence of complex sources, the theoretical predictions in the Dark
Ages are quite robust and any detection of departure from this behaviour will be an
indicator of exotic physical mechanisms (Furlanetto et al. 2006b; Schleicher et al. 2009).
Around a redshift of z ∼ 30 the first luminous sources are expected to have formed
(Tegmark et al. 1997). Lyα photons from these sources have an unexpected property
of coupling the spin temperature back to the gas kinetic temperature via a mechanism
called the Wouthuysen-Field effect (Wouthuysen 1952; Field 1959). Lyman series lines
essentially lift the electron from the 1s orbital (from both singlet and triplet states)
to higher energy levels. Upon recombination, the electrons return preferentially to the
triplet state due to its higher statistical weight. Hence Lyman series photons effective
rearrange the singlet and triplet level populations. The spin temperature again departs
from the CMB and couples to the ‘colour temperature’ of the UV radiation field. Since
UV photons are scattered very efficiently within the IGM, the colour temperature is
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effectively the same as the kinetic gas temperature (which is still below the CMB tem-
perature). Hence, emergence of the first stars again drops the spin temperature below
the CMB temperature in the epoch of Cosmic Dawn, leading the 21-cm signal to be seen
in absorption against the CMB.
Around z ∼ 20 the remnants of the first stars form X-ray binaries that via accre-
tion of matter onto a compact object (neutron star or black-hole) emit a significant flux
of X-rays. This X-ray background is expected to heat the IGM thereby increasing the
gas kinetic temperature. Consequently the spin temperature, now coupled to the gas
temperature via the Wouthuysen-Field effect, increases to reach and exceed the CMB
temperature at around redshift z ∼ 15. These effects create another observable emis-
sion feature towards the end of the Cosmic Dawn. The predictions of the 21-cm signal
throughout the Cosmic Dawn epoch is highly uncertain since very little is known about
the UV and X-ray background generated by the first objects 13.
Below a redshift of z ∼ 15 heating is expected to continue. However, at around this
point ionising photons from the first sources begin to complete the process of reionization
and the neutral fraction of the Universe begins to decrease rapidly, finally extinguishing
the 21-cm signal at a redshift of around z ∼ 6.
The above scenario is a ‘likely’ history of structure formation in the early Universe.
Actually observing the redshifted 21-cm signal from high redshifts (both global and
fluctuations) will provide unprecedented constraints on the nature of the first sources
and the process of cosmic reionization, and may finally provide us with a comprehensive
picture of structure formation throughout the Universe’s history— a goal we have been
after for many decades.
1.3.2 A historical perspective
The prediction and use of the 21-cm transition dates back to J. H. Oort and van de Hulst
(1945) who realised its importance in understanding Galactic dynamics. But the flurry
of excitement over high redshift 21-cm observations perhaps started with the ‘top-down’
galaxy formation model proposed by Sunyaev & Zeldovich (1972, 1975) who suggested
that neutral gas condensed in large ‘protoclusters’ which then fragmented to form galax-
ies. Searches for these large protoclusters were carried out by various groups using nearly
all (then) available radio telescopes— the Cambridge radio telescope (Bebbington 1986),
the Westerbork Synthesis Radio Telescope (Wieringa et al. 1992), the Very Large Array
(Noreau & Hardy 1988), the Arecibo telescope (Briggs et al. 1997), and the Ooty Radio
Telescope (Subrahmanyan & Swarup 1990) to name a few. All of these searches were
unsuccessful since they were concentrated at lower redshifts of 3 . z . 4 where we now
know the Universe to be mostly ionised.
At around the same time, increasing evidence for the contrary ‘bottom-up’ galaxy
formation scenario where smaller neutral gas halos condense first to form galaxies at rel-
atively higher redshifts which merge subsequently to form larger galaxies meant that large
neutral hydrogen protoclusters which were easier to detect probably did not exist in the
13 For an observational astronomer, this is excellent news!
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first place. The sensitivities of the then available telescopes were inadequate for observing
the smaller neutral gas halos predicted by the ‘bottom-up’ scenario. The excitement over
high redshift 21-cm observations was however renewed after the CMB measurements of
the 90’s. Advanced numerical calculations constrained by the initial conditions set by the
CMB fluctuation maps and observations of Gunn-Peterson troughs, concentrated on the
interplay between the first galaxies and the IGM within which they formed. It soon be-
came evident that although the first condensing neutral gas halos may not be detectable
individually as previously surmised, statistically detecting the underlying angular power
spectrum of 21-cm brightness-temperature fluctuations resulting from matter density and
spin temperature fluctuations as well as a patchy ionisation topology was within reach.
This is still a daunting challenge only made possible by recent technological advances in
digital computing. The work in this thesis and that of numerous astronomers worldwide
is indeed in continuation of a long chain of efforts to arrive at the first detection of neutral
hydrogen from high redshifts when the first galaxies formed in the Universe.
1.3.3 Back to the future
Observational constraints presented in section 1.2 and advancement in theoretical mod-
elling (Gnedin & Ostriker 1997; Madau et al. 1997; Shaver et al. 1999; Loeb & Barkana
2001; Furlanetto et al. 2006a; Pritchard & Loeb 2012) have now spawned a renaissance
in low frequency radio astronomy. As predictions of the reionization era have moved to
higher redshifts, construction of dish-like antennas at the associated lower frequencies
has become unfeasible. Technological advances enabling the digitisation and process-
ing of radio signals from a large numbers of antenna elements has prompted the use of
phased arrays of dipole elements in place of traditional dishes, and mechanical focusing
of radiation has given way to electronic beamforming. This is evidenced by the construc-
tion of several new phased array radio telescopes such as LOFAR (van Haarlem et al.
2013, and Fig. 1.7), MWA (Tingay et al. 2013), PAPER (Parsons et al. 2010), PAST
(Peterson et al. 2004), and LWA (Taylor et al. 2012) inspired wholly or in part by the
quest to achieve a first detection of the cosmic 21-cm signal power spectrum14. These
large telescopes are complemented by single dipole spectrometers with unprecedented
calibration accuracies such as EDGES (Rogers & Bowman 2012), CORE (Chippendale
2009), SARAS (Patra et al. 2013), SCI-HI (Voytek et al. 2014) and LEDA (Greenhili
et al. 2012) attempting to detect the global 21-cm signal. These new telescopes employ
rudimentary dipole antenna elements (in a beamformed array) and look eerily similar
to the first telescopes of radio astronomy15 (Sullivan 2009). Nevertheless, they are by
far the most sensitive instruments build at metre-wavelengths and will yield the first
detection of the 21-cm signal from the early Universe, once we overcome a number of
formidable observational challenges.
1.4 Observational challenges in 21-cm cosmology
Despite being inspired by inaccurate theoretical predictions, the efforts to detect high
redshift ‘protoclusters’ of the 70’s underscore many of the challenges that current exper-
14 The exception to this rule is the Giant Metrewave Radio Telescope (Ananthakrishnan 1995, GMRT)
that used traditional dish antennas.
15 And hence the title of this section
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Figure 1.7: Top: an aerial photograph of the LOFAR ‘superterp’, the densest central part of
the LOFAR array located near the town of Exloo in the Netherlands (Image credit: c©Top-Foto,
Assen). LOFAR consists of two arrays observing in the Low Band (10− 90 MHz) and the High
Band (100− 250 MHz). The primary interferometer element is a phased array of dipoles called
a ‘station’. Bottom left: A low band station consisting a inverted V dipoles over a ground plane
(Image credit: c©ASTRON). Bottom right: A single ‘tile’ within a high band station consisting
of 16 ‘fat’ dipoles (an earlier model) over a ground plane (Image credit: c©ASTRON).
iments face to date. The quest to observe neutral gas at higher redshifts has prompted
observations at low radio frequencies that present an additional set of challenges. The
best testament to the limitation posed by these challenges is provided by the current sce-
nario in observational 21-cm cosmology. New telescopes such as LOFAR are now rapidly
acquiring sufficient data to make a statistical detection of the 21-cm power spectrum
from high redshifts based on a signal to noise radio (or sensitivity) argument. Yet, we
are limited by real-world challenges (outlined below) that have precluded a detection
thus far16. Indeed, overcoming these challenges by modelling the effects involved and de-
veloping novel observational and data processing techniques to mitigate these challenges
is the central theme that has driven the new ideas and research presented in this thesis.
16 At least this was the case at the time this thesis went to press!
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1.4.1 Foreground emission
The expected 21-cm signal from the early Universe is very faint as compared to Galactic
and extragalactic foreground emission. Current best predictions based on theoretical
considerations place the differential brightness temperature of the 21-cm signal is in the
milli-Kelvin to tens of milli-Kelvin levels depending on redshift and spatial scale (see Fig.
1.6). Several observations of foregrounds have established the dynamic range required
for the measurements of both the global 21-cm signal (de Oliveira-Costa et al. 2008, and
references therein) and its power spectrum of spatial fluctuations (Bernardi et al. 2009,
2010). Figure 1.8 (left panel) shows an all sky model of total power sky emission and the
associated spectral index17, which is mostly a result of Galactic synchrotron emission.
Even in the Galactic halo, the foregrounds are about 3000 K at 60 MHz which is 4 to 5
orders of magnitude larger than the expected global 21-cm signal from the Cosmic Dawn
epoch.
As opposed to a total power measurement, Fig. 1.9 shows an interferometric mea-
surement of spatial fluctuations in the diffuse Galactic emission in Stokes I and polarised
intensity made after subtracting point-like sources from WSRT data at 150 MHz. Even
in the absence of extragalactic point sources, the diffuse Galactic synchrotron emission
has spatial fluctuations of a few to several Kelvins of brightness temperature at 150 MHz.
This again is about 3 orders of magnitude larger than the expected level of spatial fluc-
tuations in the 21-cm signal.
These foregrounds, though formidable, are mostly a result of continuum emission /
absorption mechanisms like synchrotron and thermal Bremsstrahlung (or free-free emis-
sion), and have very smooth spectral response typically modelled as power-laws (to first
order). Since frequency corresponds to line of sight distance for the 21-cm transition, the
cosmic signal itself is expected to have non-smooth spectral structure. All high redshift
21-cm experiments aim to utilise these disparate spectral behaviours to remove fore-
ground emission from the data, thereby exposing the 21-cm signal. This however has
proven to be difficult in practice, some of the reasons for which are mentioned below.
1.4.2 Calibration
At low frequencies relevant for CD and EoR observations (40 . ν . 200 MHz), the
brightness temperature of foreground emission exceeds the detector noise levels expected
for even rudimentary off the shelf front-end amplifiers operating at room temperature.
Hence the thermal uncertainties in such a measurement are completely dominated by
foreground emission. Current instruments such as LOFAR, despite their impressive col-
lecting area, must observe for several hundreds of hours to reduce this sky noise to a
level that is even close to the expected 21-cm signal. Other than sensitivity implications,
the dominant foregrounds are an additive systematic and are not a limitation if one can
model and subtract them from the data. In practice though the foregrounds (and the
signal) are corrupted by instrumental imperfections such as receiver gains, direction de-
pendent antenna gains, and ionospheric propagation effects. Most of the above effects are
of a multiplicative nature, and must be calibrated out to achieve the required dynamic
17 The Galactic radio brightness temperature is well represented by T (ν) = T0ν−α where α is the
spectral index.
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Figure 1.8: The total power sky emission (in Kelvin) at 60 MHz (left panel), and its spectral
index (right panel) at low frequencies (30 to 180 MHz) determined from the global sky models
of de Oliveira-Costa et al. (2008). The total intensity foreground level even in the Galactic halo
is about 3000 K at 60 MHz which is 4 to 5 orders of magnitude larger than the expected 21-cm
signal from the Cosmic Dawn epoch.
Figure 1.9: Interferometric observations of spatial fluctuations in the diffuse Galactic emission
in Stokes I (left panel) and polarised intensity (right panel) at 115 MHz (Bernardi et al. 2009).
The conversion from flux density to brightness temperature in the two plots are 1 mJy beam−1 =
100 mK and 1 mJy beam−1 = 1 K respectively. The expected brightness temperature of spatial
fluctuations in the 21-cm signal is expected to be of the order of few milliKelvins— about 3
orders of magnitude smaller than the measured foreground fluctuations.
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range between foregrounds and the signal while at the same time maintaining high im-
age fidelity. Achieving this in practice is perhaps one of the biggest challenges in 21-cm
cosmology and present day radio-astronomy in general.
The basic underpinnings of calibration strategies used in experiments such as LO-
FAR, called self-calibration, have been well known for for many decades (Jennison 1958;
Readhead & Wilkinson 1978). Self-calibration alternates between estimating optimal an-
tenna based gain factors and the sky emission. This is done iteratively by minimising the
difference between the data and the model to eventually attain the ‘true’ instrumental
gains and a map of the sky. This technique eventually led to high resolution and high
dynamic range imaging of radio sources with arrays like WSRT and the VLA. However,
unlike earlier studies of isolated objects within narrow fields of view, current EoR ex-
periments have wide fields of view (several to tens of degrees) containing a myriad of
sources with complex morphologies. In addition, these sources are viewed through the
primary beam of the phased array elements which is time, frequency, and antenna de-
pendent. These reasons dictate one to use multi-direction self-calibration. Despite being
a multi directional and full-polarisation extension of the traditional self-calibration, the
dynamic range and image fidelity requirements of experiments like LOFAR-EoR KSP18
have exposed previously unappreciated limitations of self-calibration. Improving exist-
ing multi-direction algorithms to obtain the required level of calibration precision and
accuracy remains an important and active field of research within the EoR community.
1.5 Ionospheric effects
One of the primary calibration factors that radio telescopes have to solve for are the ef-
fects of wave propagation through the Earth’s atmosphere. Figure 1.10 shows a schematic
of the different layers19 in the Earth’s atmosphere. The lowest layers have the highest
neutral gas density. An evolution of the refractive index with density and temperature,
albeit weak, along with a curved geometry, causes the well understood refractive shift
in the apparent position of optical sources. In addition, density turbulence in the lower
layers (mostly in the troposphere) also causes well known phenomena such as stellar
speckles and scintillation. At low radio frequencies (ν . 2 GHz) however, propagation
effects in another layer of the atmosphere called the ionosphere becomes dominant.
The Earth’s atmosphere is ionised by UV and X-ray radiation from the Sun. As the
density of the atmosphere decreases exponentially with height, so does the recombination
rate. At heights above about 50 km, photo ionisation rate exceeds the recombination rate
giving rise to a permanent plasma called the ionosphere. The physics of electromagnetic
wave propagation though a magnetised plasma such as the ionosphere is well understood
(Budden 1961). The refractive index of plasma is frequency dependent and decreases
rapidly (from a value of unity at high frequencies) as ν−2. The real part of the refractive
index leads to an additional propagation phase, while the imaginary part leads to wave
attenuation. As observing the 21-cm signal from higher redshifts invariable pushes one
to lower frequencies, ionospheric propagation effects become important due to the ν−2
18 The LOFAR Epoch of Reionization Key Science Project
19 There is a gradual and often poorly defined boundary between the layers. The classification is for
purely phenomenological purposes
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Figure 1.10: A schematic of the different layers of the Earth’s atmosphere (Image credit:
c©NASA). Neutral gas density is highest in the layer closest to the Earth called the troposphere
and accounts for the bulk of wave propagation effects above a frequency of ν & 2 GHz. At much
greater heights (∼ 80 to ∼ 400 km) UV radiation from the Sun creates a thick layer of ionised
gas called the ionosphere. The ionospheric plasma is the cause of the bulk of wave propagation
effects at frequencies below ν . 2 GHz. Unlike the neutral troposphere, the ionospheric plasma
is a highly dispersive medium. Refractive index in a plasma scales with frequency as ν−2. Hence
electromagnetic waves at frequencies below ν . 200 MHz are particularly affected by ionospheric
propagation.
scaling. Since the formidable foregrounds are always observed through the ionosphere,
even small percent level effects become important to reach the dynamic ranges required
to detect the cosmological signal.
The refractive index fluctuations (due to electron density fluctuations) in the iono-
sphere causes distortions in the electromagnetic wavefront. Akin to the tropospheric prop-
agation effects on optical sources, depending on the length-scale of ionospheric electron
density fluctuations, ionospheric propagation effects manifest themselves as refractive
position shifts and scintillation of radio sources. Figure 1.11 shows ionospheric effects on
a single radio source (4C+46.17) at 150 MHz. To demonstrate the effect, I have chosen
LOFAR data20 acquired during relatively bad ionospheric conditions. The top-left frame
shows an image of the source made after 6 hours of exposure with Earth rotation syn-
20 Thanks to Ger de Bruyn for providing the data that are rendered in Fig. 1.11 and Fig. 1.12.
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thesis. The other frames are randomly chosen ‘snapshot’ images of the source made with
just 12 seconds of data. The circle in each frame is centred on the ‘average’ position of
the source to guide the eye, and the size of the circle is set to be equal to the point spread
function (PSF ≈ 3 arcmin). As seen in the figure, ionospheric propagation can distort
the instantaneous apparent position, morphology, and flux of the source. An additional
aspect that makes the above effects particularly insidious is their direction dependence.
In Fig. 1.12, I show snapshots images similar to those in Fig. 1.11, but for a larger field
about 1 deg ×1 deg in size. In addition to a correlated component, the different sources
also show partly uncorrelated changes in apparent position and morphologies even for
inter-source separations that are significantly smaller than the typical field of views of
current low frequency telescopes.
All the effects shown in Fig. 1.11 and Fig. 1.12 are stochastic in nature and hence the
interferometric visibilities measured in their presence also have stochasticity or noise-like
uncertainty associated with them. Just like intensity scintillation of stars (in optical
light), one can think of a equivalent ‘visibility scintillation’ of radio flux from the sky.
Understanding the magnitude of this uncertainty due to ionospheric effects on all the
sources in the telescope’s field of view is extremely important in high redshift 21-cm
experiments due to the immense dynamic range between astrophysical foregrounds and
the 21-cm signal21. Interestingly, all the effects seen in Fig. 1.11 (and the corresponding
effects at optical wavelengths) can be explained using a unified framework of Fresnel
diffraction by phase modulating screens. In this thesis I present the first investigation
on the subject of ionospheric ‘scintillation noise’ in large field of view interferometers
such as LOFAR, and also discuss the associated implications for high redshift 21-cm
experiments.
1.6 This thesis
By now the reader may have conjured up the fact that high redshift 21-cm observations
are reaching a stage where observational and data processing techniques are steadily
attaining maturity with an impending first detection. Regardless, the above problems
have not yet been overcome to the required levels, or shown to be of less importance
in current experiments. This thesis comes at a time when it is not yet clear what the
optimal observational and data processing techniques for such an experiment should be.
At the same time however, plans for the design and construction of a next generation or
larger arrays such as HERA and SKA are at an advanced stage.
In lieu of this context, in my thesis, I have focused on two primary aspects of this
problem:
1. identify and study (some of the) challenges to 21-cm cosmology that despite being
identified as significant, have not received due and rigorous treatment, and
2. develop innovative observational technique outside the traditional methods of radio
observations that may overcome, or better yet, circumvent some of the challenges
discussed here.
21 Even a small percentage scintillation noise on the dominant foreground flux can easily exceed the
expected 21-cm signal.
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Figure 1.11: Images showing ionospheric effects on the unresolved radio source 4C+46.17
during relatively bad ionospheric conditions at 115 MHz (channel width ≈ 200 kHz). The
top-left frame (labelled ‘average’) is an image of the source made with 6 hours of exposure
with Earth rotation synthesis. The grey circles in the images are centred on the ‘average’
position of the source to guide the eye, and show the approximate size of the point spread
function (PSF ≈ 3 arcmin). The different frames are chosen from snapshot images made with
just 12 seconds of exposure. As seen in the images, the ionosphere causes fluctuations in the
apparent morphology, position and flux of the radio source. These fluctuations are stochastic
and if uncorrected, lead to stochastic ‘scintillation noise’ in the visibilities which may dominate
the noise budget at low frequencies (ν . 200 MHz). Chapters 3 and 4 deal with computing the
statistics of this scintillation noise from myriad of sources with the associated covariances along
time, position, and frequency dimensions.
In chapter 2, I take a close look at the problem of frequency dependent (or chromatic)
antenna beam and ionospheric refraction and absorption in global 21-cm experiments.
Any direction dependent chromatic effect such as the antenna beam and ionospheric ef-
fects essentially couple the angular structure in the foregrounds to the spectral structure
of the measured radiometer spectrum. Since spectral smoothness of the measured fore-
grounds is critical to differentiate them from the 21-cm signal, this mixing of angular
and spectral structure is one of the most important effects to consider in global 21-cm
experiments. The results in this chapter are the first treatment (in literature) of iono-
spheric refraction and absorption effects in global 21-cm observations.
In Chapters 3 and 4, I focus on what is perhaps a challenge to 21-cm power cos-
mology that has received the least attention: ionospheric scintillation noise. Turbulence
in the ionosphere leads to phase and amplitude scintillation of radio source flux-density
measured on an interferometer baseline. While a rich literature on the subject of wave
propagation and scattering in turbulent plasma has existed for decades, these theories
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Figure 1.12: Same as Fig. 1.11, but for a larger field (about 1 deg ×1 deg). Besides a
correlated component, there is a significant amount of ionospheric effect that is uncorrelated
between sources.
were largely developed for narrow field of view observations of a single unresolved (or
marginally resolved) source. In chapter 3, I have generalised this theory to the wide FOV
case that contains an arbitrarily large number of sources while taking into account the
baseline, time, frequency, and angular coherence of visibility scintillation. While these
analytical expressions give the statistics of visibility scintillation, one still has to ‘trans-
fer’ this effect through the various data processing steps typical to Fourier synthesis and
21-cm power spectrum measurement to predict the final scintillation noise bias in angu-
lar power spectra measured by arrays such as LOFAR. This forms the subject matter of
Chapter 4.
Chapters 5, and 6 deal with a proof-of-concept and refinement of a novel observational
technique that exploits a less appreciated quirk of interferometry. Global 21-cm measure-
ments with a single antenna spectrometer requires unprecedented calibration accuracy.
Unlike an interferometer, a single antenna spectrometer also suffers from (difficult to
calibrate) receiver noise bias. Interferometers are in general insensitive to a global signal.
However, interferometers can instead measure the brightness contrast between a uniform
background and a foreground occulting object. In Chapter 5, I demonstrate this tech-
nique for the first time by measuring the diffuse Galactic background (that is otherwise
inaccessible to an interferometer) by observing its occultation by the Moon. The results
of Chapter 5 open up a novel observational technique to measure the global 21-cm signal,
though a rigorous elimination of outstanding systematic effects is required to reach the
required measurement precision. In chapter 6 I further refine the technique by exploiting
the motion of the Moon in the sky22. I difference data from 2 consecutive nights to elim-
inate (albeit not perfectly) the confusion from unwanted sky emission while retaining the
occultation response. In Chapter 6, I also touch upon the promise of low-frequency radio
22 The Moon moves by about 12 deg per day with respect to the ‘fixed’ stars.
1.6: This thesis 21
observation of the Moon to study the lunar internal regolith composition and heat flow.

